Palau-Caballero G, Walmsley J, Van Empel V, Lumens J, Delhaas T. Why septal motion is a marker of right ventricular failure in pulmonary arterial hypertension: mechanistic analysis using a computer model. Am J Physiol Heart Circ Physiol 312: H691-H700, 2017. First published December 30, 2016; doi:10.1152/ajpheart.00596.2016.-Rapid leftward septal motion (RLSM) during early left ventricular (LV) diastole is observed in patients with pulmonary arterial hypertension (PAH). RLSM exacerbates right ventricular (RV) systolic dysfunction and impairs LV filling. Increased RV wall tension caused by increased RV afterload has been suggested to cause interventricular relaxation dyssynchrony and RLSM in PAH. Simulations using the CircAdapt computational model were used to unravel the mechanism underlying RLSM by mechanistically linking myocardial tissue and pump function. Simulations of healthy circulation and mild, moderate, and severe PAH were performed. We also assessed the effects on RLSM when PAH coexists with RV or LV contractile dysfunction. Our results showed prolonged RV shortening in PAH causing interventricular relaxation dyssynchrony and RLSM. RLSM was observed in both moderate and severe PAH. A negative transseptal pressure gradient only occurred in severe PAH, demonstrating that negative pressure gradient does not entirely explain septal motion abnormalities. PAH coexisting with RV contractile dysfunction exacerbated both interventricular relaxation dyssynchrony and RLSM. LV contractile dysfunction reduced both interventricular relaxation dyssynchrony and RLSM. In conclusion, dyssynchrony in ventricular relaxation causes RLSM in PAH. Onset of RLSM in patients with PAH appears to indicate a worsening in RV function and hence can be used as a sign of RV failure. However, altered RLSM does not necessarily imply an altered RV afterload, but it can also indicate altered interplay of RV and LV contractile function. Reduction of RLSM can result from either improved RV function or a deterioration of LV function.
PULMONARY ARTERIAL HYPERTENSION (PAH) is a disease characterized by a high mean pulmonary arterial pressure (mPAP, Ն25 mmHg) in the presence of a normal mean pulmonary arterial wedge pressure (mPAWP, Յ15 mmHg) (10) . The chronically increased afterload imposed on the right ventricle (RV) leads to an impaired RV systolic function. Progression of RV failure is associated with high mortality in patients with PAH (28) . Accurate assessment of RV function and timely management of RV failure are therefore essential (7, 10) . A better understanding of the processes underlying RV dysfunction in these patients could help to improve diagnosis of RV failure.
Rapid leftward septal motion (RLSM) during early left ventricular (LV) diastole is frequently observed in patients with chronic PAH, and its presence has been associated with the severity of the disease (18) . It has been suggested that RLSM accompanies ineffective RV contraction, exacerbating the RV systolic dysfunction in PAH (19) . Furthermore, leftward bulging of the interventricular septum in severe PAH may impair LV filling dynamics (11) .
Tanaka et al. (33) postulated that RLSM results from a negative transseptal pressure gradient (TSPG) (1) . More recently, Marcus et al. (26) demonstrated that RLSM is accompanied by a prolonged RV free wall shortening, whereas the RV free wall shortening onset is not delayed. Marcus et al. (26) proposed that an increase in RV wall tension induced by high RV afterload causes the observed interventricular mechanical asynchrony. To conclusively demonstrate that this interventricular mechanical asynchrony is the mechanism underlying RLSM, measurements of ventricular mechanics such as myofiber stress and wall tension are crucial. Although these measurements are technically challenging or even impossible in patients, they can be obtained from computer models. Computer models also allow for controlled variation of cardiac properties in a manner that is impossible to achieve in animal models or patients (23) .
In this study, we use the CircAdapt computational model of the human heart and circulation to simulate cardiovascular dynamics from regional myocardial tissue mechanics to global cardiac pump function in PAH. To provide more understanding of RV dysfunction in PAH, we aim to unravel the mechanism underlying the RLSM observed in patients with PAH by exploring the relation between septal mechanics and cardiac hemodynamics. We hypothesize that RLSM in PAH is a direct result of interventricular relaxation dyssynchrony, defined as out-of-phase LV and RV myocardial diastolic lengthening, and that it is affected by both LV and RV contractile dysfunction.
METHODS
Computer model. We used the CircAdapt (3, 24) model to simulate cardiac mechanics and hemodynamics in PAH. CircAdapt is a computational model of the human cardiovascular system (www.circadapt. org) that provides fast beat-to-beat simulation of cardiac and vascular mechanics and hemodynamics in healthy and diseased conditions. The model consists of a network of different modules that represent the main elements of the closed-loop cardiovascular system (3). CircAdapt includes atrial and ventricular cavities and myocardial tissues, the four cardiac valves, the large arteries and veins, and the pulmonary and systemic vascular beds. Matlab (MathWorks, Natick, MA) scripts to reproduce all simulations and results of this study are provided as Supplemental Material (Supplemental Material for this article are available online at the American Journal of Physiology Heart and Circulatory Physiology website).
Time-dependent mechanics and hemodynamics in each module are governed by nonlinear physics and physiological principles and form a system of ordinary differential equations. Conservation of energy guarantees that the total amount of contractile work generated by the myofibers is equal to the total amount of hydraulic pump work by means of pressure generated by the ventricles. Tissue adaptation rules allow cavity size, wall mass, and stiffness of the heart and large blood vessels to be modified so that strains and stresses of the ventricular, atrial, and vessel walls are normalized to tissue-specific physiological levels (4).
In CircAdapt, ventricular mechanical interaction is simulated through the TriSeg module (24) . The ventricular geometry consists of three thick spherical segments representing the RV free wall, LV free wall, and interventricular septum. These three walls meet at a common junction and encapsulate the RV and LV cavities. Tensile force acting on the common junction is calculated for each wall from myofiber stress and wall geometry. Septal geometry follows from tensile force balance at the junction of the three ventricular walls. The integrated CircAdapt-TriSeg model has previously been validated for the simulation of cardiac mechanics and hemodynamics in PAH (24) . The pericardium is represented by a compliant, thin-walled cavity that encompasses the atria and ventricles. In agreement with experimental studies (6, 29) , pericardial pressure increases nonlinearly with pericardial volume. A detailed description of the myocardial tissue mechanics and the pericardium in CircAdapt is provided in the supplemental materials.
Myofiber stress in each wall is calculated from myofiber strain using a phenomenological model of active and passive tissue behavior simulating myocardial contraction and relaxation. This model is based on the three-element Hill model of myofiber contraction (3, 24) and aims to reproduce sarcomere properties derived from experiments on isolated cardiac muscle (9a, 34) . The strength and duration of mechanical myofiber activation increase with sarcomere length, and velocity of sarcomere shortening increases with passive stretch. The three ventricular walls were activated synchronously 150 ms after right atrial activation occurred.
The pulmonary vascular circulation in CircAdapt consists of a pulmonary vascular resistance connecting the pulmonary artery with the pulmonary vein. A nonlinear transpulmonary pressure-flow relationship is assumed and based on measurements of the canine pulmonary circulation (16) . More details on the model of the pulmonary circulation are provided in the Supplemental Material. PAH was simulated as previously published (20 -22) , by increasing the pulmonary vascular resistance.
Control simulation. To simulate a control healthy adult heart and circulation, diameter and wall mass of cardiac chambers and blood vessels were adapted to a moderate exercise level in which heart rate and cardiac output were 142 beats/min and 15 l/min, respectively. This adaptation protocol mimics tissue structural remodeling as response to short periods of exercise (3, 24) . After reaching steady-state adaptation, heart rate was set to 71 beats/min. Homeostatic pressureflow regulation through adaptation of the systemic vascular resistance and circulating blood volume was used to obtain cardiac output and mean arterial pressure of 5 l/min and 91 mmHg, respectively. The pulmonary vascular resistance was set at 2.8 mmHg·min/l, giving an mPAP of 20 mmHg in the healthy simulation.
Simulation of PAH. To simulate PAH, the pulmonary vascular resistance was increased to raise mPAP from 20 mmHg in the healthy control simulation to 40, 60, and 80 mmHg. Hence the peak systolic RV pressure increased from 37 mmHg at the control simulation to 57, 78, and 100 mmHg, representing mild, moderate, and severe PAH, respectively. Heart rate, cardiac output, and mean systemic arterial pressure were maintained as in the control simulation. All other model parameters were held constant, and no further cardiac and vascular tissue adaptation was performed.
Simulation of PAH coexisting with ventricular hypo-and hypertrophy. Weakening and strengthening RV and LV contractile force was performed by decreasing and increasing their ventricular wall masses, respectively, while keeping RV afterload constant (peak systolic RV pressure of 78 mmHg and mPAP of 60 mmHg). The RV afterload was kept constant by adjusting the pulmonary vascular resistance. A decrease or an increase of 25% in the RV free wall mass represented moderate PAH with RV hypo-or hypertrophy, respectively. Similarly, a decrease or an increase of 25% in both LV free wall and septal wall masses represented moderate PAH with LV hypo-or hypertrophy, respectively. No other model parameters were modified.
LV inner diameter and M-modes in simulations. The LV inner diameter was calculated for the control and the mild, moderate, and severe PAH simulations. This diameter corresponds to the distance from the LV septal wall to the LV lateral free wall. Simulated M-modes were obtained for the moderate PAH simulation and for the moderate PAH with LV and RV hypo-and hypertrophy simulations. The wall motion was calculated from the CircAdapt model as previously described (14, 36) . The outer and inner radii of the three ventricular walls were calculated from the model, and, therefore, we can plot in time the positions of the endocardial and epicardial walls, thereby mimicking the M-mode as recorded using echocardiography. For our simulation-based M-mode images, the LV epicardial wall was assumed as the fixed reference.
RESULTS
Regional myocardial tissue function. Increased PAH severity led to a higher peak and longer duration of the RV free wall active stress (Fig. 1, top) and to a more delayed RV free wall shortening peak (Fig. 1, top) compared with the control. The delayed RV free wall shortening peak in PAH reflected prolonged contraction time of the RV and hence a delayed onset of the RV relaxation. In contrast, the LV contraction time and onset of relaxation were not influenced by PAH severity. Therefore, aggravating PAH severity led to a more prominent interventricular relaxation dyssynchrony. In moderate and severe PAH, the LV free wall and septum were rapidly stretched during early LV diastole, while the RV free wall was still contracting.
Global ventricular pump function. As PAH severity increased, the RV systolic pressure trace became more similar to the LV systolic pressure trace, and LV filling pressure increased ( Fig. 1, bottom) . Aggravating PAH severity led to higher mean RV volume and to lower mean LV volume ( Fig.  1, bottom) . The latter is explained by the fact that the dilated RV compresses the LV through pericardial constraint, which is also evident from the change in LV inner diameter (Fig. 1 , bottom). While LV inner diameter decreased on average with aggravating PAH, its pattern shows a larger absolute decline during systole.
PAH-induced septal flattening and bulging. Maximal pressure gradient across the septum or TSPG lowered with increasing PAH severity (Fig. 2, top) . A negative TSPG was apparent only for severe PAH and appeared during early LV diastole. Increasing PAH severity led to a lower interventricular septal curvature (C IVS ) during the ejection phase and to a decline in mean C IVS (Fig. 2, middle) , indicating septal wall flattening. In control and mild PAH, C IVS had its maximum value at LV filling onset, whereas C IVS was minimal at LV filling onset in moderate and severe PAH. A negative C IVS , indicating the septum to bend toward the LV, was reached only in severe PAH, when TSPG was negative. Furthermore, C IVS showed a rapid decline followed by a rapid rise during early LV diastole in moderate and severe PAH. This rapid change in septal geometry reflected RLSM. Video clips showing the simulated septal motion are provided in the supplemental material. RLSM in moderate and severe PAH can be easily appreciated in the videos, whereas the control and mild PAH do not show abnormal septal dynamics.
Modulation of RLSM with coexisting ventricular hypo-and hypertrophy. Figure 3 shows the effects of RV or LV hypertrophy on RLSM in moderate PAH. Hypotrophy in the LV resulted in a reduction in interventricular relaxation dyssynchrony by delayed LV relaxation onset (Fig. 3, top) . This resynchronization of LV and RV relaxation led to an attenuation of RLSM compared with the baseline moderate PAH (Fig.  3, top and middle) . Hypotrophy in the RV resulted in greater interventricular relaxation dyssynchrony by a more delayed RV relaxation onset and an exacerbation of RLSM compared with the baseline moderate PAH (Fig. 3, middle and bottom) . Additionally, LV hypertrophy showed earlier LV relaxation and an exacerbation of RLSM as seen when RV hypotrophy. Hypertrophy in the RV reduced interventricular relaxation dyssynchrony through earlier RV relaxation onset similar to that observed with LV hypotrophy. Figure 4 shows septal dynamics in two clinical cases (Fig. 4,  A and B) and in two simulated cases (Fig. 4, C and D) . The patient with PAH and a progressive worsening of RV function (Fig. 4A) showed a similar pattern of septal motion as our simulation with moderate PAH and RV hypotrophy (Fig. 4C) . RV contractile dysfunction, caused by decompensated RV remodeling (Fig. 4A) or by a RV hypotrophy (Fig. 4C ), led to a greater interventricular relaxation dyssynchrony and hence to exacerbation of RLSM as explained above. Video clips showing septal dynamics during a cardiac cycle from results in Fig.  4A are provided in the supplemental material. In a patient with PAH and RLSM, development of aortic regurgitation led to a nearly abolished RLSM (Fig. 4B ) as also occurs in our simulation with moderate PAH and LV hypotrophy (Fig. 4D) .
Simulations of PAH coexisting with aortic regurgitation and stenosis or with pulmonary regurgitation and stenosis are provided in the supplemental materials. This attenuation is explained by prolonged LV contraction balancing out the already prolonged RV contraction, leading to a reduction in interventricular relaxation dyssynchrony and hence to attenuation of RLSM. Figure 5 shows M-modes and B-mode frames from the video clips in the patient with PAH and RV dysfunction 6 yr after initial hospitalization (top) and our simulation results of moderate PAH with RV hypotrophy (bottom). Both patient and simulated data showed similar patterns in septal motion along a cardiac cycle with pronounced RLSM at early diastole.
DISCUSSION
Computer simulations demonstrated that PAH-induced rapid leftward septal motion during early LV diastole is caused by an RV-to-LV delay of myocardial relaxation whereby RV myocardial activation is prolonged with respect to that of the LV myocardium. Simulations also showed that changes in both RV and LV contractile function by means of RV and LV hypo-or hypertrophy can modulate the interventricular dyssynchrony of myocardial relaxation and thereby the abnormal leftward motion of the septum. In particular, our finding that RLSM was increased when RV contractile function was impaired despite constant RV afterload (mPAP) implies that onset of RLSM can provide diagnostic information as a sign of RV failure.
The septal motion as indicator of interventricular relaxation dyssynchrony in PAH. Computer simulations representing hemodynamics with different degrees of PAH exhibited prolonged RV activation, in agreement with data from patients with PAH (26, 27) . This raised and prolonged active force generation in the RV free wall can be explained through the following mechanisms. Raised RV afterload caused by increases in pulmonary resistance result in RV congestion and dilatation, allowing maintenance of cardiac output through the Frank-Starling mechanism whereby raised preload leads to more forceful ventricular contraction. Additionally, the RV will compensate for the increased load through hypertrophy, increasing RV contractile strength. When the effect of ventricular preloading and hypertrophy can no longer compensate for the raised afterload, ventricular myocytes will remain overstretched throughout systole. Because contraction duration increases with sarcomere length, the result will then be a prolongation of RV myocardial contraction and a delayed RV relaxation relative to LV relaxation (17, 34) . Despite unchanged model properties of the myocardial contractile function, our PAH simulations showed prolonged RV activation because strength and duration of myocardial activation increase with sarcomere length in CircAdapt.
The prolonged RV contraction induced by RV systolic loading in PAH without similar prolongation of LV contraction leads to interventricular relaxation dyssynchrony at early LV diastole. This longer RV contraction duration can be observed through a delay in RV free wall shortening peak relative to the LV free wall and septum (Fig. 1) , consistent with the findings of Marcus et al. (26) . Moreover, abnormalities in septal dynamics at early LV diastole similar to those observed in patients with PAH (5, 26) were apparent in the simulations of moderate and severe PAH (Figs. 1 and 2) , becoming more pronounced with aggravating PAH severity. The abnormal Fig. 3 . Modulation of RLSM by ventricular hypotrophy. Middle: patterns of strain and CIVS over time together with the short-axis ventricular geometry at LV filling onset is displayed for the moderate PAH case. The strain, CIVS, and ventricular geometry at LV filling onset for moderate PAH with LV hypotrophy or with RV hypotrophy are displayed in the top and bottom, respectively. The moderate PAH with LV hypotrophy simulation had a delayed peak of LV free wall shortening. This delay reduced interventricular relaxation dyssynchrony, resulting in an attenuation of RLSM. In contrast, the moderate PAH with RV hypotrophy simulation showed a more delayed peak of RV free wall shortening compared with the moderate PAH-only simulation. This larger delay in RV free wall shortening peak led to a larger interventricular relaxation dyssynchrony, resulting in an exacerbation of RLSM. RVfw, RV free wall; LVfw, LV free wall; IVS, interventricular free wall. septal behavior was characterized by a rapid leftward septal motion after aortic valve closure followed by a rapid rightward septal movement as LV filling began. Because dyssynchrony in ventricular relaxation induces RLSM, the latter can be used as a marker of this dyssynchrony in PAH.
EXACERBATION OF RLSM
Negative TSPG not required for RLSM. Many studies have suggested that a transient negative TSPG at the end of systole and raised RV wall tension may be the mechanism underlying RLSM in PAH (26, 33) . However, our moderate PAH simulation showed pronounced RLSM in the absence of a negative TSPG (Fig. 2) . Hence negative TSPG induced by the left-toright delay in ventricular relaxation does not entirely explain abnormalities in septal dynamics. In the severe PAH simulation, we did observe RLSM with negative septal curvature and negative TSPG (Fig. 2) . Hence negative transseptal pressure gradient is not required to induce RLSM in PAH, but negative septal curvature (leftward septal bulging) does indicate negative TSPG.
RLSM reflects imbalance in ventricular relaxation. On the basis of the physical principles underlying the CircAdapt model (8, 24) , we propose a mechanism based on the balance in active and passive tensile forces at the junction points of the ventricular walls to explain RLSM induced by PAH (Fig. 6) . During systole and late diastole, normal septal geometry and dynamics result from the tensile forces generated by the RV free wall, septum, and LV free wall (Fig. 6, A and C) . However, because the active RV force that results from ongoing RV activation during early diastole is unopposed by contraction of either the LV free wall or the interventricular septum, leftward septal motion occurs, restoring force balance at the junction points (Fig. 6B, left) . Following the RV free wall shortening peak, RV relaxation onset reduces the active RV free wall tensile forces acting on the septum, again resulting in a force imbalance (Fig. 6B, right) . LV filling causes an increase in LV passive stress, and, therefore, the septum moves back toward the RV cavity, restoring force balance at the junction points.
Clinical studies using magnetic resonance imaging have reported late gadolinium enhancement (LGE) at the ventricular insertion points when septal dynamics abnormalities such as RLSM are present in patients with PAH (31). The mechanism for RLSM above is consistent with this finding, as mechanical overload and development of abnormal myofiber stress at the junction points could result in myocardial damage and collagen deposition. Septal deformation has been studied by Beyar et al. (8) using a mathematical model that describes mechanics of passive diastolic interaction between the ventricles and the pericardium. This interaction is calculated assuming a transmural distribution of circumferential stress and balance of forces at the common junction points. Although the TriSeg model (24) is inspired by this previous model (8) , its description of ventricular interaction is dynamic and incorporates both the passive and active contractile behavior of the myocardium in the ventricular walls. Our simulations shows that RLSM in patients with PAH is a result of prolonged RV active contraction. Furthermore, CircAdapt provides more physiological boundary conditions to the ventricular model by describing the entire closed-loop cardiovascular system, thereby allowing in silico investigation of septal dynamics with different RV loading conditions and tissue properties. Unlike the model by Beyar et al. (8) , the TriSeg model does not account for bending stiffness of the myocardium in the junction of the ventricular walls. This simplification may have led to overestimation of the amplitude of the RLSM patterns in our study.
In a previous validation study (24) , the relation between transseptal curvature and pressure as predicted by the TriSeg model of ventricular interaction mechanics compared well with human data measured in patients with or without PAH (9) . The present study extends this work by focusing on the mechanism of the abnormal pattern of septal motion in PAH and by revealing the importance of unbalanced right-to-left ventricular myocardial tissue loading for this septal motion abnormality. Importantly, we tested, not only the impact of raised RV load induced by PAH, but also the impact of LV function on septal motion, allowing us to demonstrate that RLSM is the resultant of an interplay between RV and LV contractile function, consistent with the findings by Nomoto et al. (30) .
Both PAH severity and ventricular contractile function are responsible for RLSM. To investigate the role of pathologies modulating RLSM in PAH, we also performed simulations in which ventricular contractile function was manipulated by increasing or decreasing ventricular wall mass despite the fact that mPAP was held constant (Figs. 3, 4 , C and D, and 5). Our findings showed that the presence of weaker or stronger RV or LV contractile function in PAH by means of hypo-or hypertrophy in the RV or LV, respectively, modulates interventricular relaxation dyssynchrony (13, 17) and hence RLSM. Worsening PAH can lead to gradual impairment of RV contractile function and thereby exacerbation of RLSM (Fig. 4A) (35) . When PAH is accompanied by a good RV function (2), the RV free wall contraction duration is normalized and interventricular relaxation dyssynchrony is reduced. Similarly, LV hypotrophy leads to a prolonged LV free wall contraction. This reduces interventricular relaxation dyssynchrony because the RV free wall contraction duration is prolonged attributable to PAH. PAH coexisting with left heart diseases that cause a prolonged LV contraction, such as aortic insufficiency or stenosis, leads to an attenuation of RLSM (Fig. 4B ) (supplemental materials) (30) . Therefore, the presence of RLSM in PAH does not uniquely depend on RV afterload but also on the relative contractile function of the RV and LV.
Clinical implications. Patients with PAH coexisting with clinical conditions strengthening the RV as compensated RV tissue remodeling (35) , or coexisting with clinical conditions weakening the LV as LV failure, high LV preload, or high LV afterload (25, 30, 32) , are likely to reduce the degree of interventricular relaxation dyssynchrony and hence attenuate RLSM. Conversely, onset and/or worsening of RLSM would indicate RV failure in patients with PAH. RV failure can be either the result of the combined effect of intrinsic weakness or the result of insufficient RV tissue remodeling at extremely high afterloads. Our findings of exacerbated RLSM in PAH with RV failure may explain the association between RLSM and poor prognosis in patients with chronic severe PAH. We showed that RLSM is a marker of interventricular relaxation dyssynchrony in PAH and consequently can be used to detect the onset of RV failure. Once deleted, this RV failure is a target for therapeutic interventions that may improve prognosis in patients with decompensated severe PAH. Following treatment, our results show that reductions in RLSM should be interpreted with caution, as they could arise through either improvements in RV function or a deterioration in LV systolic function, as shown by the reduction in RLSM with onset of aortic regurgitation as reported by Nomoto et al. (30) . Similarly, in a patient with preexisting LV dysfunction, this motion may never appear despite the onset of RV failure. Careful attention to the balance between RV and LV myocardial contractile function in patients with PAH may be key for future therapeutic strategies in such patients.
Our findings also indicate a clinical relevant working mechanism for improvements in cardiac function by RV pacing as a therapeutic intervention in patients with severe symptomatic PAH. Prepacing on the RV in patients with severe PAH would activate the RV earlier, thereby reducing the interventricular relaxation dyssynchrony and attenuating RLSM (12, 13, 20) . Consequently, the attenuation of RLSM would improve LV filling, thereby reducing pulmonary congestion and RV afterload.
Study limitations. Our simulations of a generalized adult human circulation assumed that a mean arterial pressure of 91 mmHg and a cardiac output of 5 l/min were sustainable , and late diastole (C). During systole and late diastole, normal septal geometry and dynamics result from the tensile forces generated by the RV free wall, septum, and LV free wall (A and C). In early LV diastole, the RV free wall is still contracting after the peaks of LV free wall and septal shortening, resulting in interventricular relaxation dyssynchrony (B, left). The imbalance of tensile forces caused by prolonged RV free wall active contraction leads to RLSM to restore force balance at the attachment points. After the RV free wall shortening peak, the RV free wall begins to relax, resulting in a force imbalance due to the leftward septal position (B, right). LV filling causes an increase in LV passive forces moving rapidly the septum rightward and restoring force balance.
through homeostatic regulation. This assumption may not be the case in all patients with severe symptomatic PAH. The ventricular geometry in CircAdapt is simplified by assuming a constant curvature in each wall and therefore may omit some of the effects of cardiac structure on septal deformation. Simulations of PAH were performed without simulating compensatory tissue remodeling (21) , whereas compensated ventricular tissue adaptation is normally observed in patients with PAH.
Conclusions. High RV afterload in patients with PAH that is not compensated by RV remodeling causes prolonged RV myofiber shortening, leading to interventricular relaxation dyssynchrony and hence RLSM. Onset of RLSM in PAH indicates RV contractile dysfunction, and hence it can be used as a sign of RV failure. Attenuation of RLSM does not necessarily imply a decrease in RV afterload, but it can also result from altered interventricular relaxation dyssynchrony caused by improved RV function or deteriorated LV function. RLSM, therefore, contains important diagnostic information on the interplay between RV and LV contractile tissue function in patients with PAH.
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